Introduction
Abiotic stress is a global agricultural issue that limits plant growth and yield. Amongst abiotic stresses, salt stress leads to significant crop losses worldwide (Greenway and Munns, 1980) . Although natural salts are present in soil, their increased concentration affects plant growth adversely. Rao et al. (2008) reported that salinity affects about 932 million hectares of land globally. In plant cells under salt stress, Na + and Cl -ions accumulate in cytoplasm and lower the external water potential, resulting in turgor loss (Binzel et al., 1988) . It creates an imbalance of cellular ions that results in ion toxicity, or osmotic stress, followed by significant oxidative stress (Gosset et al., 1996; Goemez et al., 1999; Hasegawa et al., 2000) . Together, these factors lead to decreased plant growth, development, and survival. Elevated amounts of reactive oxygen species (ROS) such as superoxide (O 2 •ˉ) , hydrogen peroxide (H 2 O 2 ), and hydroxyl (OH · ) radicals can critically disturb cellular homeostasis and standard metabolism through oxidative damage to protein, lipids, and nucleic acid (Baxter et al., 2007) .
Plants elicit a molecular response to prevent oxidative damage due to ROS production and adjust to the oxidative stress (Baxter et al., 2007; Demirkaya, 2014; Yaycılı and Alikamanoğlu, 2012) . They have developed a multifaceted antioxidant defense with enzymatic molecules, including ascorbate peroxidase (APX, EC 1.11.1.11), glutathione reductase (GR, E.C. 1.6.4.2), and peroxidase (POD, EC 1.11.1.7). All these molecules play an important role in scavenging ROS formed during oxidative damage (Erdal and Çakırlar, 2014; Petrić et al., 2014) .
Recently, the role of heme oxygenase (HO, EC 1.14.99.3) has been recognized among plant defenses as a catalyst for the oxidation of heme to biliverdin IXα (BV), CO, and Fe +2 (Shekhawat and Verma, 2010; Shekhawat et al., 2011) . BV and billirubin (BR) have antioxidant characteristics in plants (Noriega et al., 2004; Balestrasse et al., 2005 Balestrasse et al., , 2008 and animals, respectively (Ortiz de Montellano et al., 2001; Noriega et al., 2003) . The role of HO is also noticeable in phytochrome-chromophore synthesis (Terry et al., 1993; Verma and Shekhawat, 2013) . In plants, HO1 (co-localized in chloroplast to mitochondria) is a major stress-response protein among HO isoforms (HO1, HO2, HO3, and HO4) Jin et al., 2011; Dixit et al., 2013) and acts as an antioxidant under different abiotic stresses such as UV-B stress (Yannarelli et al., 2006) and cadmium stress (Matsumoto et al., 2004; Cui et al., 2011; Fu et al., 2011) . Recent studies in plants demonstrated that HO contributes to alleviating the effects of salt stress. These studies found that the activity of HO was induced due to oxidative stress under salinity conditions (Zilli et al., 2008 (Zilli et al., , 2009 Xie et al., 2008 Xie et al., , 2011 Wei et al., 2013 ).
The present study was carried out in B. juncea with the aim of acquiring improved knowledge of the effect of salt stress on the antioxidant defense system. We observed the behavior of antioxidant enzymes (APX, GR, and POD) along with HO1 to elucidate the role of HO1 in plant tolerance of salt-stress conditions.
Materials and methods
2.1. Plant material, salt (NaCl) treatment, and experimental design B. juncea (L.) Czern. cv. Bio 902 (Indian mustard) seeds were collected from Krishi Vigyan Kendra (Agricultural Science Center), Banasthali University, Rajasthan, for the present study. The seeds were sterilized in 0.5% sodium hypochlorite for 10 min and rinsed with distilled water. After that, seeds were germinated in a petri dish containing filter paper soaked in distilled water at 30 °C under dark conditions. After 3 days, uniformly germinated seedlings were taken and transferred to plastic pots containing halfstrength Hoagland's nutrient solution and allowed to grow in a thermostatically controlled culture room kept at 25 ± 2 °C and 500 µmol -2 s -1 with a 16-h photoperiod. Fifteenday-old acclimatized seedlings of Brassica juncea were treated with different NaCl concentrations (0, 50, 100, 150, 170, and 200 
Determination of chlorophyll content
Fresh leaves of B. juncea seedlings were collected and processed for determination of pigments using the method of Arnon (1949) . Leaves (0.1 g) were ground in cold conditions using 80% chilled acetone in the dark; centrifugation of the homogenate was done at 10,000 × g for 10 min at 4 °C. Absorbance of the supernatant was measured at 645, 652, and 663 nm.
Determination of lipid peroxidation
Lipid peroxidation was measured in the root, leaves, and shoots through recording malondialdehyde (MDA) levels using the method of De Vos et al. (1989) . Plant tissue was extracted in 10 mL of 0.25% (w/v) 2-thiobarbituric acid (TBA) in 10% trichloroacetic acid (TCA). The extract was heated at 95 °C for 30 min followed by rapid cooling on ice. After centrifugation at 3000 × g for 10 min, the absorbance of supernatant was taken at 532 nm and 600 nm (extinction coefficient: 155 mM -1 cm -1 ). 2.5. Histochemical localization of H 2 O 2 H 2 O 2 content in leaf and root was detected by the procedure of Zhou et al. (2007) . Leaves and root parts were chopped and dipped into vacuum-infiltrated DAB (3,3' diaminobenzidine)-HCl solution (1 mg mL -1 , pH 3.8) for 8 h under light at 25 °C and treated with different concentrations of NaCl in the nutrient solution (half strength) for 24 h. For removal of chlorophyll, leaves were incubated in boiling ethanol (95%) for 10 min. 2.6. Determination of H 2 O 2 content H 2 O 2 content was determined in root, leaf, and shoot samples by using the method of Alexieva et al. (2001) . The reaction mixture contained 0.5 mL of 0.1% (TCA), supernatant of plant extract, 2 mL reagent (1 M KI w/v in fresh double-distilled water), and 0.5 mL of 100 mM phosphate (pH 6.8) buffer. The reaction mixture was incubated for 1 h in the dark, and absorbance was taken at 390 nm.
Antioxidant enzyme preparations and assays
For preparation of enzyme extracts, tissue was extracted under ice-cold conditions in 3 mL of extraction buffer containing 0.05% triton-X 100, 1 mM EDTA, 1 mM ascorbate, and 2% PVP in 50 mM phosphate buffer (pH 7). Homogenate was centrifuged at 14,000 rpm for 20 min and stored at -20 °C for further enzyme assays.
APX activity was determined in a reaction mixture by taking the absorbance at 290 nm; the mixture contained 2.8 mL of phosphate buffer with 0.5 mM ascorbic acid, 0.1 mL of H 2 O 2 , and 0.1 mL enzyme extract (Chen and Asada, 1989) .
GR was assayed by the procedure of Smith et al. (1988) . The reaction mixture contained 0.1 M phosphate buffer (pH 7.5), 0.5 mM EDTA, 0.75 mM 5-5'-dithiobis (2-nitrobenzoic acid), 1 mM GSSG, and 0.1 mM NADPH; absorbance was recorded for 5 min at 412 nm (extinction coefficient 6.2 mM -1 cm -1
). POD assay was carried out by the method of Putter (1974) . The reaction mixture contained enzyme extract, 50 mM potassium phosphate buffer (pH 7.0), 3.4 mM guaiacol, and 0.9 mM H 2 O 2 . POD activity was determined by monitoring the formation of tetraguaiacol from the initial substrate guaiacol in the presence of H 2 O 2 at 436 nm (extinction coefficient: 6.39 mM -1 cm -1
).
Heme oxygenase (HO) assay
The HO assay was carried out by the method of Balestrasse et al. (2005) . Plant tissue (0.3 g) was homogenized in 4 volumes of ice-cold 0.25 M sucrose solution containing 0.2 mM EDTA, 1 mM phenylmethyl sulfonyl fluoride, and 50 mM potassium phosphate buffer (pH 7.4). Homogenate was centrifuged with 20,000 × g for 20 min, and supernatant was used for the assay. The reaction mixture contained 10 mM potassium phosphate buffer (pH 7.4), 60 nM NADPH, 250 µL of HO extract (0.5 mg of protein), and 200 nM hemin in a final volume of 500 µL. Samples were incubated at 37 °C for 60 min, and absorbance was recorded at 650 nm. Activity of HO was determined by measuring the formation of biliverdin (extinction coefficient: 6.25 mM
). 2.9. Isolation of RNA and semiquantitative RT-PCR Total RNA was extracted from 500 mg of plant tissue by grinding in liquid nitrogen followed by treatment of TRIzol reagent. RNA was then treated with RNase-free DNase I (Promega). Subsequently, cDNA was synthesized in a 20 μL reaction using 2.5 U of RT enhancer and Verso Enzyme Mix (Genei) and l M oligo (dT) primer. RT-PCR reactions were carried out using different parts of B. juncea. PCR reactions were performed using 10 pmol of each oligonucleotide primer, 2 µL of cDNA, and 1 U of Taq polymerase (Genei) in a 20 µL reaction volume. Primers used were as follows: for Brassica juncea HO1 (accession number: JX275832.1), forward (5'-ATGGCTTACTCAGCTCCCATATCTCCATCCCT-3') and reverse (5'-TTAAGCTTTGAAGCAAATAAGAG -3'), amplifying an 811-bp fragment; for actin (accession number: AF111812), forward (5'-CTGGAATGGTGAAGGCTGGGTT-3') and reverse (5'-CGGAGGATAGCGTGAGGAAGAG-3), amplifying a 293 bp. For standardization of the results, the relative profusion of actin was analyzed and used as the internal standard. The number of cycles of PCR was standardized for each gene to obtain visible bands on agarose gels. After standardization with actin, 2 μL of the reverse-transcribed material was amplified using a gene-specific primer pair through PCR; 1.2% ethidium bromide stained gels were checked, and the level of HO1 mRNA in different plant parts was analyzed to check the expression level.
Statistical analysis
All experiments were done in triplicate (n = 3). Values in the text, table, and figures indicate mean values ± SD. Differences between control and treatments were statistically examined by t-test, and the level of significance was P < 0.05.
Results

Effect of salt stress on physiological parameters
In the present study, the B. juncea root elongation rate decreased significantly (P < 0.05) with increasing salt concentrations (Table) . Growth rate was also significantly reduced (P < 0.05) with increases in salt concentration. 3.2. Effect of salt stress on chlorophyll content, lipid peroxidation, and H 2 O 2 It was observed that Chl a and total chlorophyll decreased significantly (P < 0.05), except at 100 mM NaCl. A significant decline in Chl b was observed, except at 100 and 150 mM NaCl. Decreases in Chl a, Chl b, and total chlorophyll were observed at 200 mM NaCl, about 1.8-fold in comparison to the control (Figure 1a) .
Under salt stress, the MDA content significantly (P < 0.05) increased in leaf, root, and shoot samples of B. juncea. Exceptionally high MDA content was observed in the leaf, root, and shoot samples (82.4%, 72.5%, and 50.5%, respectively) at 200 mM NaCl in comparison to control plants (Figure 1b) .
Higher H 2 O 2 concentration was observed in the roots and leaves in comparison to shoot samples of B. juncea under salinity stress (Figure 1c) . Elevated levels of H 2 O 2 were recorded at 50 mM NaCl in the root sample. In the leaf sample, it increased (P < 0.05) significantly in comparison to the control leaf at 50 and 200 mM NaCl (1.5-and 1.9-fold, respectively). Histochemical detection of H 2 O 2 by DAB staining showed intense staining of the leaves of B. juncea treated with different concentrations of NaCl as compared to the leaves of the control plants. Roots treated with 50 mM NaCl took on dark brown stains in comparison to roots of control which were lighter brown in pigmentation (Figures 2a and 2b) . The results obtained from histochemical localization were similar and supportive of the biochemical detection of H 2 O 2 .
Response of usual antioxidants (APX, POD, and GR) to salt stress
In root and leaf samples, APX activity significantly (P < 0.05) increased up to 150 mM NaCl, after which the activity decreased. Lower levels of APX activity were observed in shoots in comparison to leaves and roots (Figure 3) . In leaf tissue, GR level was significantly (P < 0.05) higher than in the control at all concentrations ( Figure  4a ). The activity of GR was highest at 150 mM NaCl in the roots, leaves, and shoots. In shoot samples, GR activity significantly decreased at 100 mM NaCl.
Higher POD activity was observed in the roots in comparison to the leaves and shoots (Figure 4b ). The highest increase in POD activity (2.46-fold) in comparison to the control was observed in root samples at 150 mM NaCl.
Heme oxygenase activity
Increase in HO activity was higher in root samples in comparison to leaf and shoot samples at all concentrations (Figure 5a ). In root and leaf tissue, HO significantly (P < 0.05) increased up to 150 mM NaCl. At 150 mM NaCl concentration, an increase of about 2-and 3.78-fold was observed in the root and leaf samples, respectively, compared with the control. HO activity declined at 170 and 200 mM NaCl in comparison to 150 mM NaCl. In shoot samples, no significant change in HO activity was observed.
HO1 response of B. juncea at transcriptional level
The expression of HO1 mRNA was observed at 150 and 170 mM salt treatment (NaCl) after 5 days. Semiquantitative RT-PCR results show that HO1 gene was induced in roots at 150 mM and to a lesser extent at 170 mM (Figure 5b) . In leaf samples, HO1 mRNA levels increased at 150 mM NaCl (Figure 5c ). The transcript level was higher in roots leaves. 
Discussion
Salt-stress tolerance in plants is an interrelated upshot of morphological, physiological, and biochemical processes (Ashraf, 1993) . Salt stress decreases a plant's ability to absorb water, which causes stunted growth with metabolic changes identical to water stress (Munns, 2002; Bybordi et al., 2010c) . The development and yield of economically important crops is affected by salt stress; it negatively affects yield by impacting the water and nutritional balance of the plant (Taffouo et al., 2006 : Khan et al., 2007 . The high osmotic potential and toxicity of Na + and Cl -ions limits water and nutrient availability in plant roots (Al-Karaki, 1997; Bybordi et al., 2010a) . The present study revealed that an increase in NaCl concentrations has an adverse effect on the growth of B. juncea seedlings. Root elongation and growth rates decreased with increases in salt concentration. A decline in the plant growth rate is due to decreased photosynthesis by partial stomatal closure and a fall in water uptake. Hydrolysis of food reserves from storage tissue is restricted causing a disturbance in the translocation of nutrients to the growing axis (Demiral and Turkan, 2005; Eyidogan and Oz, 2007; Khan and Panda, 2008) . Katsuhara et al. (2005) confirmed that lipid peroxidation is a marker of membrane damage under salt stress. It was calculated as the amount of MDA produced due to peroxidation of polyunsaturated fatty acids in the membrane. Salt stress induces ion leakage, causing severe damage to membrane integrity. ROS generated during leaf photosynthesis or respiration can affect membrane integrity, which leads to lipid peroxidation (Savoure et al., 1999) . Several reports confirm enhancement of lipid peroxidation under salt stress (Khan and Panda, 2002, 2008; Panda and Khan, 2003) . Root tissue showed better ROS scavenging and prevention of membrane damage than leaf tissue, which indicates higher levels of SOD enzyme in root tissue (Abogadallah, 2010) .
In the present study, the H 2 O 2 level increased at 50 mM NaCl concentration, but a decrease was observed at 150 mM NaCl in roots, leaves, and shoots. However, H 2 O 2 concentration increased again at NaCl concentrations above 150 mM in roots, leaves, and shoots. Reduction in H 2 O 2 levels may be caused by scavenging through APX, because at this concentration APX activity was highest in leaf and root samples. The results are in accordance with those observed by in situ H 2 O 2 localization. Similarly, in chickpea, Eyidogan and Oz (2007) reported an increase in APX activity with decreasing H 2 O 2 content. Zilli et al. (2009) carried out histochemical analysis of H 2 O 2 in soybean leaves under salt-stress conditions. They reported a decrease in H 2 O 2 levels at 100 mM, while the activity of other antioxidant enzymes including HO1 was highest. The lowest activity in these enzymes was reported along with an increase in H 2 O 2 at 200 mM NaCl. H 2 O 2 participates in the signal transduction required for the response of antioxidant enzymes to overcome the effects of stress (Vranova et al., 2002; Zilli et al., 2009) . In the present study, antioxidant enzyme activity decreased at 170 and 200 mM concentrations in comparison to 150 mM samples. Due to the decrease in antioxidant enzyme activity at high concentrations of NaCl, H 2 O 2 accumulation increased in all parts of the plant.
A decline in chlorophyll content was observed under salt stress. This is in agreement with Khan (2004) , Khan (2009), Abdelkader et al. (2007) , and Zilli et al. (2009) . These authors reported on different plants and found that their respective object plants, grown under increasing salinity, had a reduced chlorophyll build-up.
Under salt-stress conditions antioxidant enzyme activity exhibited different patterns. The activity of APX in root, leaf, and shoot samples was higher than in the control. High APX activity was observed at 150 mM NaCl, and at this concentration H 2 O 2 levels were low. The results suggest APX is a chief enzyme involved in H 2 O 2 scavenging to overcome oxidative stress. Overexpression of APX has been reported in plant systems under salt stress (Savoure et al., 1999; Kawasaki et al., 2001) .
GR is actively engaged in the conversion of oxidized glutathione (GSSG) to reduced glutathione (GSH) and maintenance of a high GSH/GSSG ratio. POD is the enzyme that scavenges H 2 O 2 produced during dismutation of O 2
• -catalyzed by SOD. The highest activity of these enzymes was recorded at 150 mM NaCl in both leaf and root samples. Increased POD activity caused by salinity is well recognized (Gosset et al., 1994; Sudhakar et al., 2001; Lin and Kao, 2002) . As reviewed by Abogadallah (2010) , POD, APX, and GR impose tight controls on H 2 O 2 concentration. In the current study, all antioxidant enzymes (APX, GR, and POD) were lowest at the highest concentration of salt (200 mM), possibly because of deactivation. The inhibition of enzyme activities at higher concentrations of stress could be credited to ROS-induced changes such as DNA damage, transductional modifications, protein fragmentation, and increased vulnerability to proteolysis (Smirnoff, 1998) .
Previous studies showed that HO1 plays an important part in antioxidant defense against different abiotic stresses (Balestrasse et al., 2005 Noriega et al., 2004; Yannarelli et al., 2006) . Zilli et al. (2009) reported that HO1 is induced under salt stress in soybean leaves. Roots are the first organ of the plant to face salt stress from medium or due to translocation of HO1 from its origin (chloroplast) to the roots due to high levels of ROS, and roots showed the highest induction of HO1 activity among studied B. juncea parts. At 200 mM NaCl, HO1 activity decreased in comparison to 150 mM NaCl. As mentioned previously, Zilli et al. (2009) also reported a decrease in the activity of HO1 at higher concentrations of NaCl. At 150 mM NaCl, very high activity of some antioxidant enzymes (APX, GR, and POD), along with HO1, was found in different parts of the plant. Based on earlier results, HO1 may work within a group of antioxidant enzymes that create the defense machinery for the plant's survival. Findings of the present study indicate a basic plant response to salt stress via antioxidant enzymes APX, GR, and POD that is common to most stress-response pathways and a specific response of HO1 that was previously unknown in B. juncea. As APX, GR, and POD and HO1 became unregulated, the H 2 O 2 level was overwhelmed. Activation of HO1 shows that this enzyme has a leading role in the defense system against salt stress. This study increases our understanding of the complexity of the defense network, including HO1, against salt stress, and this will be helpful for future research into developing salt-tolerant varieties.
